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Here we discuss the development of a novel cell imaging system for the evaluation of smooth muscle
cell (SMC) contraction. SMCs were isolated from the circular and longitudinal muscular layers of
mouse small intestine by enzymatic digestion. SMCs were stimulated by test agents, thereafter ﬁxed in
acrolein. Actin in ﬁxed SMCs was stained with phalloidin and cell length was determined by
measuring diameter at the large end of phalloidin-stained strings within the cells. The contractile
response was taken as the decrease in the average length of a population of stimulated-SMCs. Various
mediators and chemically identiﬁed compounds of daikenchuto (DKT), pharmaceutical-grade tradi-
tional Japanese prokinetics, were examined. Veriﬁcation of the integrity of SMC morphology by
phalloidin and DAPI staining and semi-automatic measurement of cell length using an imaging
analyzer was a reliable method by which to quantify the contractile response. Serotonin, substance P,
prostaglandin E2 and histamine induced SMC contraction in concentration-dependent manner. Two
components of DKT, hydroxy-a-sanshool and hydroxy-b-sanshool, induced contraction of SMCs. We
established a novel cell imaging technique to evaluate SMC contractility. This method may facilitate
investigation into SMC activity and its role in gastrointestinal motility, and may assist in the discovery
of new prokinetic agents.
© 2015 Japanese Pharmacological Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Through changes in their contraction-relaxation cycle, smooth
muscle cells (SMCs) play an essential role in the maintenance of
biological homeostasis and SMC contractility is a key component of
gastrointestinal motility studies. Until now, gut smooth muscle
mechanism has been investigated by measuring the contraction-
relaxation of isolated muscle strips (MS). However, the muscular
layer of the gastrointestinal tract is complex, containing the enteric
nerve plexus with intrinsic and extrinsic neurons, interstitial cells
of Cajal (ICC), enteric glia, and macrophages, as well as longitudinal: þ81 3 5574 6664.
(Y. Tokita).
acological Society.
Production and hosting by Elsevieand circular SMCs (1). Therefore, MS responses are a composite of
the actions from a variety cell types and speciﬁc detail regarding
SMC activity difﬁcult to be obtained. In order to further investigate
the biology of the gastrointestinal motility, both techniques using
MS and SMC are necessary to fully elucidate the mechanism of
contractile response. In analysis of SMC level, SMCs are routinely
obtained from muscle tissue by enzymatic digestion, after which
the contractile response can be calculated by measuring cell length
by ﬁxation or perfusion methods (2,3). However, these procedures
generally require a great amount of time and technical skill. Neither
method can avoid arbitrarily selecting “usable” SMC given that
selection is solely dependent on morphological observation by
phase-contrast light microscopy.
Several neurotransmitters and inﬂammatory mediators induce
contraction-relaxation of smooth muscle, which is a complex
multidirectional interaction between immune and inﬂammatoryr B.V. All rights reserved.
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from neurally mediated effects by measuring membrane depolar-
ization using isolated MS or by measuring isolated MS contractile
responses in the presence of tetrodotoxin, which blocks Naþ action
potentials in most neurons, as well as transmission along nerves
and spontaneous and evoked Ca2þ transients in myenteric neurons
(5,6). Thus, the contraction activity of various transmitters at SMC
level, especially gut SMCs, has been still insufﬁciently documented.
In the present study, we ﬁrst developed and optimized an
automated cell imaging protocol by which to quantify the
contractility of SMCs. This protocol is based on the conventional
and well-used method of a contractility assay; however, the
introduction of ﬂuorescent dyes as well as an algorithm for auto-
matic measurement of cell length enables a more convenient and
reliable estimation of SMC contractility. Secondly, we aimed to
assess contractility in response to various neurotransmitters and
inﬂammatory mediators which are thought to induce SMC
contractility. Furthermore, we examined several components of
daikenchuto (DKT), a pharmaceutical-grade traditional Japanese
(Kampo) medicine, which is widely prescribed to relieve post-
operative ileus in Japan (7). DKT is currently undergoing a number
of double-blind placebo-controlled clinical trials for various intes-
tinal diseases in the USA, one of which clearly demonstrates that
DKT accelerates gastrointestinal transit in healthy humans (8).
Pharmacokinetic studies have now established the pharmacologi-
cally active components of DKT by looking at plasma concentration
proﬁles (9,10). Since DKT contains a number of agents capable of
stimulating a contractile response of MS, we examined whether
these components might have an effect on SMC contractility using
our new method.2. Materials and methods
2.1. Reagents
The following materials were used in this study: carbamylcho-
line chloride (CCh), serotonin hydrochloride (5-HT), substance P
acetate salt hydrate (SP), prostaglandin E2 (PGE2), histamine dihy-
drochloride, and capsaicin. Collagenase (Clostridium histolyticum
type 1), trypsin inhibitor (typeI-s: from soybean), and bovine serum
albumin (BSA) were purchased from Sigma Chemical Co. (St. Louis,
MO). Acrolein monomer was purchased from Tokyo Chemical In-
dustry Co. (Tokyo, Japan). 40 6-diamino-2-phenylindole dihydro-
chloride (DAPI) and Alexa Fluor 488 phalloidin were obtained from
Invitrogen (Eugene, OR). Hydroxy-a-sanshool (HAS) and hydroxy b-
sanshool (HBS) were extracted from zanthoxylum fruits at Tsumura
& Co. (Tokyo, Japan). Potassium chloride (KCl), [6]-shogaol, [6]-
gingerol, ginsenoside Rb1 and ginsenoside Rg1 were purchased
from Wako Pure Chemicals Industries (Osaka, Japan). Other re-
agents used for analysis were purchased from commercial sources.2.2. Mice
Seven-week-old male BALB/c mice were purchased from Japan
SLC, Inc. (Hamamatsu, Japan). Studies were performed on male
BALB/c mice aged 8e10 weeks. The animals were allowed free ac-
cess to water and standard laboratory food (MF, Oriental Yeast,
Tokyo, Japan) and housed in an animal room kept at a temperature
of 23 ± 1 C, a relative humidity of 55 ± 5%, and controlled lighting
with the lights on from 7:00 to 19:00 daily. All experimental pro-
cedures were performed according to the ‘Guidelines for the Care
and Use of Laboratory Animals’ approved by the Laboratory Animal
Committee of Tsumura & Co. (approved protocol No. 09e24,
09e44, 10e016).2.3. Immunohistochemistry
Intestinal specimens were opened along the mesenteric border.
The specimens were stretched taut and pinned out ﬂat to a silicone
ring and ﬁxed with ice cold acetone for 30 min. After ﬁxation, the
preparations were washed three times for 10 min each in
phosphate-buffered saline (0.9% NaCl in 0.1 M sodium phosphate
buffer, pH 7.0). The preparations were placed in Superblock (Ther-
moscientiﬁc, Rockford, IL) containing 0.3% Triton X-100 overnight
at 4 C. The preparations were then placed in primary antibody
diluted in antibody diluent (DAKO Japan, Tokyo Japan) overnight at
4 C. After removal from the primary antibody, the tissues were
rinsed for 3  10 min with PBS and incubated with the relevant
secondary antibodies conjugated to Alexa ﬂuorochromes (Molec-
ular Probes, Eugene, OR) diluted in antibody diluent (DAKO) over-
night at 4 C. After a ﬁnal set of rinses, the preparations were
mounted on microslides and coverslipped with Prolong Gold
antifade reagent (Molecular Probes). The slides were observed us-
ing confocal laser microscopy FV-100D (Olympus, Tokyo, Japan).
The following antibodies were used: a guinea pig polyclonal anti-
body to PGP9.5 (Abcam), a mouse monoclonal antibody to GFAP
(GA5, Cell Signaling Technologies, Beverly, MA), a mouse mono-
clonal antibody to neuroﬁlament 200 (clone NE14, Sigma), a rat
monoclonal antibody F4/80 (A3-1, AbD), and a polyclonal rabbit
anti-human CD117 antibody (DAKO). Smooth muscle actin was
visualized by staining with Alexa568-conjugated phalloidin (Mo-
lecular Probes).2.4. Preparation of dispersed SMCs
SMCs were isolated from the muscular layer of BALB/c mouse
intestine using a previously described method (11). Mice were
sacriﬁced by cervical dislocation. The small intestine was removed
and the muscular layer was carefully peeled away. The peeled
muscular layer included the longitudinal and circular smooth
muscle layers. The muscular layer was incubated for two successive
10-min periods at 31 C in HEPES medium containing (in mM) 98.1
NaCl, 3.87 KCl, 2.42 NaH2PO4H2O, 4.86 L-glutamic-acid, 4.86
fumaric acid, 4.86 pyruvate, 11.17 glucose, 1.79 CaCl2, 1.2
MgSO47H2O and 23.5 HEPES (pH 7.4), plus 1 mg/ml of collagenase,
BSA and trypsin inhibitor. After incubation, each partially digested
muscle layer was washed with enzyme-free HEPES medium, and
incubated in fresh HEPES medium for 10 min. At the end of
digestion, the muscular layer was dispersed into single cells with
the assistance of gentle bubbling by pipette. The dispersed cells
were then harvested by ﬁltration through a 210-mm nylon mesh.2.5. Measurement of the contractile response
The contractile response was measured in terms of the decrease
in the average length of a population of SMCs exposed to various
test agents.
Dispersed cells were stimulated by the addition of a given test
agent to the cell suspension and then incubated at room temper-
ature for 30 s. Each reaction was interrupted and ﬁxed by the
addition of acrolein to a ﬁnal concentration of 1% (12), after which
light microscopic images of each slide were captured on a com-
puter. The length of approximately 50 cells on each slide was
measured using Scion Image software (Scion Corporation, Freder-
ick, MD, USA ver 4.0.3), after which the contractile response was
assessed by measuring the decrease in average length of a popu-
lation of smooth muscle cells exposed to a given test agent. CCh, an
analog of the dominant excitatory neurotransmitter acetylcholine
(ACh), was examined as the reference compound.
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Isolated SMCs were plated in 96-well plates at 1  103 cells/
100 mL per well. SMCswere stimulated by adding 50 mL of test agent
to each well, followed by incubation at room temperature for 30 s.
Each reactionwas interrupted and ﬁxed by adding acrolein to a ﬁnal
concentration of 1% (12). The actin ﬁlaments of SMCs were stained
by Alexa Fluor 488-conjugated phalloidin (5 units) for 30 min at
room temperature and nuclei were stained with DAPI (300 nM).
The wells were automatically photographed using CELAVEIW
RS100 (Olympus), which can scan multiple ﬁelds (Fig. 3B) of mul-
tiple wells in a plate and quantitatively analyze each well by
extracting information with regard to the spatial distribution of
ﬂuorescently labeled components. To begin, all cells stained with
phalloidin within a well were counted (Fig. 3C), after which the
cells were divided into two groups based on whether or not they
stained with DAPI (Fig. 3D). Following this, debris, cell fragments,
and cells with aberrant morphology were excluded from further
analysis using the “Cell Gallery” window of Celaview RS100
(Fig. 3E). The exclusion of these aberrant cells was performed
manually. We chose the both spindle shape cell and the cell of
linearity by visual observation. Finally, we measured the diameter
of cell length by phalloidin stained string. Contractile responses
were determined in terms of the observed decrease in average
length of a population of smooth muscle cells exposed to a given
test agent. Various components of DKT, including HAS, HBS (con-
tained in zanthoxylum fruit), ginsenoside Rb1 ginsenoside Rg1
(contained in ginseng), [6]-gingerol and [6]-shogaol (contained in
processed ginger), were also subjected to SMC assay.Fig. 1. Cell types within the muscular layer of the gastrointestinal tract. Gross appearan
Immunohistochemical staining of the smooth muscle layer of the small intestine is demonstr
phalloidin, (D) enteric nerves stained with PGP9.5, (E) enteric glia stained with anti-GFAP, (F
stained with anti-CD117 antibodies. Scale bar, 50 mm.2.7. Data analysis
Contraction was expressed in terms of the percentage decrease
in cell length compared to unstimulated cells. All data are pre-
sented as mean values ± S.E.M. Concentration response curves of
the contractile response were ﬁtted using non-linear regression, 4-
parameter logistic curve (GraphPad Prizm ver 5.0.4, Graph Pad
Software, San Diego, CA) andLog EC50 values with 95% conﬁdence
intervals (CI) were calculated.
3. Results
3.1. Immunohistochemistry
Fig. 1 shows the various cell types found within the muscular
layer of the gastrointestinal tract (which was used to isolate SMCs
in this study), including enteric and sensory neurons, ICC, enteric
glia, intestinal macrophages, as well as longitudinal and circular
SMCs.
3.2. Conventional ﬁxation method
Freshly isolated SMCs demonstrated a characteristic spindle
shape and variable length (Fig. 2A). The length of SMCs ranged
from approximately 40 to 220 mm. A typical cumulative distri-
bution curve of cell length is shown in Fig. 2B. The cumulative
distribution curve of CCh-treated cells was shifted to the left
compared to the curve obtained for vehicle-treated control cells.
The overall contractile response could be gauged by comparingce and H&E staining of isolated small intestine is shown in (A). Scale bar, 100 mm.
ated, including (B, C) circular and longitudinal SMCs stained with Alexa568-conjugated
) macrophages stained with F4/80, (G) sensory nerves stained with NF200, and (H) ICC
Fig. 2. Analysis of SMC contraction using the conventional method. (A) Morphological appearance of gastrointestinal SMCs. SMCs are spindle-shaped and variable in length. Scale
bar, 50 mm. (B) Cumulative distribution curves of cell length for control (vehicle-treated) and CCh (1  107 M)-stimulated SMCs. The Y axis represents accumulating %. (C)
Concentration response curve of CCh-induced SMC contraction. Data are expressed as mean values ± S.E.M for 4 mice.
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concentration-dependent contractile response (Fig. 2C). Maximal
contraction was observed at 1 107 M of CCh corresponding to a
30.0 ± 3.7% decrease in cell length compared to vehicle-treated
control cells. The Log EC50 value was estimated at 10.0 (95%
CI: 10.3e9.7).Fig. 3. Analysis of SMC contraction using the cell imaging method. (A) Morphological appe
nuclei were stained with DAPI (blue), and merged photographs of transmitted image and ﬂ
well. (C) Image of a well containing phalloidin-stained cells. (D) SMC selection was perform
length. Cells were divided into two groups depending on whether or not they stained for D
indicated as DAPI (). (E) SMC images within the “Cell Gallery” window of CELAVIEW RS100
manually in the window. (F) Cumulative distribution curves of cell length among control
mulating %. (G) Concentration response curve of CCh-induced SMC contraction. Data are ex3.3. Cell imaging method
Fluorescent images of the SMCs demonstrated a characteristic
spindle shape and similar cell morphology to that observed by
phase-contrast microscopy (Fig. 3A). Images of both cellular debris
and SMCs were obtained and cellular debris sometimes resembledarance of gastrointestinal SMCs. Actin ﬁlament was stained by phalloidin (green) and
uorescence image. Scale bar, 50 mm. (B) Photoﬁeld used to examine the inside of each
ed by using DAPI intensity Y axis represents DAPI intensity. The X axis indicates cell
API. DAPI stained cells are indicated as DAPI (þ). Cells that did not stain for DAPI are
. All cellular debris, cell fragments and cells with aberrant morphology were eliminated
(vehicle-treated) and CCh (1  107 M)-stimulated SMCs. The Y axis represents accu-
pressed as mean values ± S.E.M for 5 mice.
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ﬂuorescent staining of their nuclei (Fig. 3A). As shown in Fig. 3D and
E, SMCs were selected for analysis using ﬂuorescent imaging. To
validate this method, the contractile response of CCh was esti-
mated. The cell lengths of vehicle-treated SMCs cells ranged from
30 to 180 mm. The distribution curve of length of CCh treated cells
was shifted to the left compared with that of vehicle-treated cells
(Fig. 3F). CCh induced SMC contraction in a concentration-
dependent manner. Maximal contraction was observed at
1  108 M of CCh, corresponding to a 14.2 ± 1.3% decrease in cell
length compared to vehicle-treated control cells (Fig. 3G) and the
Log EC50 value was 9.7 (95%CI: 10.3e9.3) as shown in Table 1.
Fig. 4 demonstrates the contractile responses to 5-HT, SP, PGE2,
histamine, and KCl. The neurotransmitters 5-HT and SP induced
SMC contraction in a concentration-dependent manner. Maximal
contraction was observed at 1  104 M 5-HT and 1  108 M SP
corresponding to a 17.4 ± 1.8% and 18.9 ± 1.9% decrease in cell
length compared to vehicle-treated control cells, respectively. The
Log EC50 values (5-HT and SP) were 7.4 (95%CI: 8.1e6.7) and 10.2
(95%CI: 10.7e9.7), respectively (Table 1). Inﬂammatory mediators,
PGE2, and histamine also induced SMC contraction in a
concentration-dependent manner. Maximal contraction was
observed at 1  107 M PGE2 and 1  107 M histamine corre-
sponding to 14.6 ± 2.3% and 15.8 ± 2.6% decreases in cell length
compared to vehicle-treated control cells, respectively. The Log
EC50 values (PGE2 and histamine) were 10.5 (95%CI: 10.8e10.3) and
10.7 (95%CI: 11.5e10.0), respectively (Table 1). KCl induced depo-
larization resulting in contraction of 13.1 ± 2.1% at a concentration
of 100 mM.
3.4. DKT components
Contractile responses to various components of DKT are shown
in Fig. 5. HAS and HBS induced SMC contraction, with maximal
contraction (13.2 ± 1.6% and 10.8 ± 1.0%) observed at concentra-
tions of 1  105 M and 1  106 M, respectively. The Log EC50
values for HAS and HBS were 7.3 (95%CI: 8.6e6.0) and 7.1 (95%CI:
8.0e6.2), respectively, as shown in Table 1. Ginsenoside Rb1, gin-
senoside Rg1, [6]-gingerol and [6]-Shogaol did not induce SMC
contraction. Furthermore, because many DKT components,
including HAS, HBS, shogaols and gingerols, are known transient
receptor potential vanilloid1 (TRPV1) agonists, a typical TRPV1
agonist named capsaicin was also examined. Capsaicin did not
induce SMC contraction (data not shown).
4. Discussion
We here introduce a novel cell imaging technique to study SMC
contractility. To date, most studies of smooth muscle contractility
have employed the response of isolated strips of smooth muscle.
However, as shown Fig. 1, MS isolated from the gastrointestinalTable 1
Log EC50 values and 95%CIs of various test substances and DKT component on SMC
contraction.
Name Log EC50 95%CI
CCh 9.7 10.0e9.3
5-HT 7.4 8.1e6.7
SP 10.2 10.7e9.7
PGE2 10.5 10.7e10.3
Histamine 10.7 11.5e10.0
HAS 7.3 8.6e6.0
HBS 7.1 8.0e6.2
Log EC50 values and 95%CIs were calculated by analyzing the contraction of SMCs
from for 4e5 mice.tract contain a number of cell types in addition to SMCs, including
nerves and ICC. The Gastrointestinal motility is expressed as the
whole action of these different cell types, therefore it is required to
analyze function of each component cell. SMCs are the ﬁnal effector
cells of gastrointestinal smooth muscle motility and receive regu-
latory signals from several mediators, and thus heavily inﬂuence
gastrointestinal peristalsis (4). In order to better investigate SMC
contractility, we focused on developing an automated cell imaging
system using SMCs in isolation.
We ﬁrst used a conventional manual evaluation method to
assess SMC contractility using ﬁxed SMCs and found that repro-
ducible results can be obtained when approximately 50 cells are
measured. A cumulative distribution curve of cell length is shown
in Fig. 2B. Fresh SMCs demonstrated a broad distribution of cell
length, ranging from approximately 40 to 220 mm. A concentration-
dependent contractile response to CCh was observed, similar to the
results of a previously reported concentrationeresponse curve (13).
This conventional method by which to evaluate contractile re-
sponses measures decreases in the average length of a population
of SMCs exposed to various test agents. SMCswere photographed at
random in this study with efforts made to exclude obviously
irregularly shaped cells, abnormally expanded cells and cellular
debris. However, it should be noted that it can be difﬁcult to
distinguish intact SMCs from cellular debris by microscopic
observation of cell morphology alone because denucleation occurs
frequently in dispersed SMCs.
SMC contraction is regulated by phosphorylation of a 20-kDa
myosin light chain (MLC20) (14). Phosphorylation of MLC20 facili-
tates actin binding to myosin and initiates cross-bridge cycling (14).
The actin ﬁlament is a main constituent protein of the SMC. We
therefore evaluated a modiﬁed ﬁxation method for analysis of SMC
length by staining actin ﬁlament with ﬂuorescent-labeled phalloi-
din and measuring cell length by cell imaging. Isolated intact SMCs
demonstrated a classical spindle shape following phalloidin stain-
ing and their cell nuclei stained with DAPI. A number of cells that
appeared normal on phase contrast microscopy were later found to
represent cellular debris or fragmented cells with absent nuclei
when examined by ﬂuorescent microscopy with DAPI nuclear
staining. Therefore, we ﬁrst selected SMCs for analysis using DAPI-
ﬂuorescent intensity in this experiment. Denucleated cells were
excluded by this step. However, despite this safeguard, it was still
possible to select fragmented SMCs unsuitable for image analysis.
Therefore, visual inspection to conﬁrm cell shapewas also required.
However, with assistance of the “Cell Gallery” function of Celaview
which displays morphology of many SMCs at a glance (Fig. 3E),
aberrant cells and cellular debris could be excluded more easily.
Measurement of SMC length was performed automatically. The
beneﬁts of this method are as follows: 1) since the procedure is
based on sampling most cells in photo ﬁelds covering the entire
area of each well (Fig. 3C), the possibility of selection bias is kept to
a minimum; and 2) this method uses a highly efﬁcient automatic
cell count and determination of cell length method. Meanwhile,
this proposed method has a limitation which is unsuitable for ki-
netic study of SMC physiology since the evaluation of cell length
was performed after reaction. Instead, the method is suitable for a
possible development of high-throughput screening assay and drug
screening for novel prokinetic agents. However, the method still
contains visual inspection which cannot quite get rid of sampling
bias. The criteria of selection of the cells for analysis must be
objectively expressed as numerical values in the well-deﬁned al-
gorithm, which is a future issue to be resolved.
To validate this new technique, we conﬁrmed the contractile
response of SMCs to CCh. Using the cell imaging method, CCh was
observed to induce a concentration-dependent contractile
response. However, the two methods yielded different maximal
Fig. 4. Contractile responses of SMCs to various agents. Data are expressed as mean values ± S.E.M for 4 to 5 mice. Contractile responses of SMCs isolated from a murine smooth
muscle layer are shown in response to (A) 5-HT, (B) SP, (C) PGE2, (D) histamine and (E) KCl. The Y axis represents the observed percentage decrease in cell length. The X axis indicates
concentration in terms of a Log10 scale (From AeD). The concentration response curves of contraction were ﬁtted using non-linear regression 4-parameter logistic curve.
Y. Tokita et al. / Journal of Pharmacological Sciences 127 (2015) 344e351 349responses of 14.2 ± 1.3% (1  108 M CCh, Fig. 3G) and 30.0 ± 3.7%
(1  107M CCh, Fig. 2C) for the cell imaging and conventional
methods, respectively. In contrast, almost no differences in Log
EC50 values were obtained using the cell imaging (Log EC50: 9.7,Fig. 5. Contractile responses of SMCs to various components of DKT. Data are expressed as m
smooth muscle layer are shown in response to (A) HAS, (B) HBS, (C) ginsenoside Rb1, (D) gi
percentage decrease in cell length, while the X axis indicates concentration in terms of a Log
regression 4-parameter logistic curve.95%CI: 10.0e9.3) and conventional methods (Log EC50: 10.0, 95%
CI: 10.3e9.7). Based on the Log EC50 values obtained, contractile
activity appeared similar regardless of whether the cell imaging or
conventional method was used. We attributed the observedean values ± S.E.M for 4 to 5 mice. Contractile responses of SMCs isolated from a murine
nsenoside Rg1, (E) [6]-gingerol and (F) [6]-shogaol. The Y axis represents the observed
10 scale. The concentration response curves of contraction were ﬁtted using non-linear
Y. Tokita et al. / Journal of Pharmacological Sciences 127 (2015) 344e351350discrepancy in degree of maximal contraction to contamination of
the conventional method with cellular debris and fragments as
shown in Fig. 3A. Contamination with aberrant cells may have
produced a shorter mean cell length, thereby leading to an
apparent increase in degree of maximal contraction. The present
method may thus provide more accurate information with regard
to the contractility response to various agents. However, because
the ﬁxation by acrolein was reported to result in 5e10 % reduction
in cell volume (15), it should be noted that the present method
might underestimate the contractility compared to the evaluation
method using with real-time microscopic observation of living
cells.
Next, using this method, we proﬁled the contractile activity of
two neurotransmitters (5-HT and SP) and inﬂammatory mediators
(PGE2 and histamine) which are thought to induce contractility of
SMCs. These mediators have been implicated in a range of gastro-
intestinal pathologies, including inﬂammatory bowel disease and
irritable bowel syndrome, in which aberrations of gastrointestinal
motility including hypo- and hyper-contractility of smooth muscle
have been reported (11,16). We observed that stimulation with 5-
HT, SP, histamine and PGE2 resulted in a concentration-
dependent decrease in SMC length in the present study. These
result of 5-HT and PGE2 obtained by the cell imaging method is
consistent with previous data obtained using the conventional
method (17,18). Although the effects of SP, histamine and KCl on
SMCs have not been fully described, herewe conﬁrmed contraction
of SMC by histamine, SP and high KCl in isolated murine SMC. We
here provide functional evidence to support the mechanism(s) of
action of these mediators along with detailed concen-
trationeresponse curves and Log EC50 values regarding their ef-
fects on SMCs.
In Japan, kampo medicines are increasingly recognized to have
useful clinical applications, but are still not considered mainstream
medicine, especially outside of Japan. A big reason for this is that
the pharmacological properties of the various components of
kampo medicines have not been established. Among a number of
kampo medicines, DKT is widely used to improve symptoms of
postoperative ileus by a number of surgeons in Japan.7 The clinical
efﬁcacy of DKT has been gradually established and the mechanism
examined in numerous animal studies, including postoperative
intestinal adhesion and ileus models (19,20). A recent placebo-
controlled double-blind study performed in the USA revealed that
DKT signiﬁcantly accelerated ascending colon emptying in healthy
volunteers (8). Furthermore, pharmacokinetic studies of DKT have
enabled identiﬁcation of 44 components within DKT. Among these
ingredients, hydroxy sanshools and shogaols are rapidly absorbed
and have been observed to reach maximal concentrations within
15 min in plasma (10). Hydroxy sanshools, major components of
zanthoxylum fruits, are thought to be the main mediators of the
beneﬁcial effects of DKT on postoperative ileus and relief from
obstruction due to postoperative adhesions (19,20). Indeed, DKT
and hydroxy sanshools have been observed to induce contraction in
MS (21); however, their speciﬁc effects on SMCs have not been
examined. We screened six major components of DKT (HAS, HBS,
ginsenoside Rb1, ginsenoside Rg1, [6]-gingerol and [6]-shogaol) to
see if they could induce contractile activity. Two components of
DKT, HAS and HBS, induced contraction of SMCs; however, the
mechanism by which HAS and HBS induce contraction has not
previously been established. HAS and HBS have been reported to
demonstrate agonistic activity on both transient receptor potential
ankyrin1/vanilloid1 (TRPA1/V1) channels (22). We observed little
to no contractile response to capsaicin in this assay (data not
shown); therefore, TRPV1 stimulation is unlikely to be involved in
HAS- and HBS-induced SMC contraction. Furthermore, a recent
study has suggested that HAS might inhibit two-pore potassiumchannels (KCNK3, KCNK9, and KCNK18) (23). Among these target
receptors, KCNK3 expression has been detected on the membranes
of SMCs, but the expression of other receptor types is not known at
present (24). Based on these reports, contraction induced by HAS
and HBS might be due to depolarization of SMCs via KCNK3
(whether KCNK3 is involved in SMC contraction is still unknown).
Thus, the mechanism of HAS- and HBS-induced SMC contraction
remains unclear and further investigation is necessary. However,
the present results suggest that certain absorbable components of
DKT induce SMC contraction, a pharmacological activity relevant to
its clinical efﬁcacy.
In the present study, we introduced a novel method to evaluate
SMC contractility that enables more accurate selection of SMC and
easier automation of cell counting and cell measurement based on
cell imaging. Using this method, we demonstrated that several
neurotransmitters and inﬂammatory mediators induce contraction
of SMCs. Proﬁling the effects of these modulators on SMC
contraction may enable researchers to elucidate the pathophysi-
ology of gastrointestinal motility. Furthermore, the present method
was used to investigate the ability of various components of DKT to
induce SMC contraction. Taking into account the results of previous
pharmacokinetic studies, the observed contractile activity of HAS
and HBS shown in the present study is likely relevant to the clinical
efﬁcacy of DKT.
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